Introduction {#S1}
============

In the last decades, the average time that people are physically active has decreased dramatically in Western countries ([@B201]; [@B64]; [@B73]), and physical inactivity has been named as a big, if not even the biggest, health problem of the twenty-first century ([@B22]). Remarkably, physical inactivity is associated with impaired cognitive functions ([@B3]; [@B101]; [@B166]; [@B266]) and higher risk of risk of neurodegenerative diseases (e.g., dementia) in the aging population ([@B167]; [@B230]; [@B223]; [@B129]; [@B203]; [@B1]; [@B37]; [@B83]; [@B119]; [@B202]). In order to counteract such negative effects of physical inactivity, an increase in the habitual physical activity level, which is typically engendered through a regular engagement in physical exercises, is empathically recommended ([@B141]; [@B20]; [@B89], [@B93]; [@B145]; [@B202]; [@B195]; [@B173]; [@B140]). It has been well demonstrated in the literature that a single bout of physical exercises ([@B60]; [@B17]; [@B138]; [@B189]; [@B193]) as well as repeated sessions of physical exercises in the form of a training intervention (e.g., endurance training) ([@B70]; [@B96]; [@B284]; [@B138], [@B140]; [@B100]; [@B251]) induce substantial neurocognitive changes. Based on such positive effects of physical exercises and/or physical training on brain plasticity and on cognition, it is not surprising that many scientific disciplines (e.g., medicine, psychology, neuroscience, and sport science) pay attention to this research field. Although these different scientific disciplines use different approaches to understand the relationship between physical exercises and/or physical training and the central nervous system, it is undoubted that all of them are based on an appropriate exercise prescription that specifies exercise (e.g., exercise intensity, exercise duration) and/or training variables (e.g., frequency of training sessions) ([@B171]; [@B300]). Furthermore, exercise prescription is the key for dosing ([@B295]; [@B217]) and for individualization of acute physical exercises and physical training ([@B171]). Individualization (personalizing) is an emerging approach aiming at maximizing the efficiency of an intervention by accounting for the interindividual heterogeneity in the response to acute physical exercises and/or physical training ([@B171]; [@B44]; [@B14]; [@B195], [@B194]; [@B110]). Notably, what parameters are optimal to prescribe the best exercise for an individual is extensively discussed in the literature ([@B158]; [@B298], [@B297]; [@B112]; [@B191]; [@B142]; [@B235]; [@B178]; [@B296]), but not all scientific disciplines investigating exercise--cognition are taking this issue into account sufficiently ([@B126], [@B122]; [@B259]). Hence, the purpose of this article is to shed light on differences in exercise prescription and their relation to the dose and the interindividual heterogeneity in neurocognitive outcome measures.

Physical Activity, Physical Exercises, Physical Training -- Where Are the Differences? {#S1.SS1}
--------------------------------------------------------------------------------------

Prior to going more deeply into the topic of physical activity, physical exercise, and/or physical training, it is necessary to clarify these terms because they represent different concepts while it is, unfortunately, common behavior to use them interchangeably ([@B57]; [@B41]). "Physical activity" is defined as muscle-induced bodily movement that increases energy expenditure above ∼1.0/1.5 MET (metabolic equivalent of task; 1 MET = 1 kcal (4,184 kJ) × kg^--1^ × h^--1^) ([@B57]; [@B4]; [@B41]). Hence, the term physical activity is a hypernym (i) that covers a wide range of physical activities that are conducted on a regular or unregular basis in a relatively unstructured and unplanned manner and (ii) that includes specific, planned, and structured forms of physical activities that are known as physical exercises ([@B57]; [@B146]; [@B41]). Physical exercises should be distinguished based on temporal characteristics into acute physical exercise (single bout) and chronic physical exercises (repeated bouts of acute exercises) ([@B237]; [@B41]). A single bout of physical exercise is commonly referred to as an "acute (single) bout of physical exercise" or as "acute physical exercises" ([@B41]; [@B138]). Furthermore, chronic physical exercises can be denoted as "physical training" when they are conducted regularly in a planned, structured, and purposive manner with the objective to increase (or maintain) individual capabilities in one or multiple fitness dimensions ([@B237]; [@B57]; [@B146]; [@B41]; [@B137]). In essence, distinguishing and using these terms carefully allows a better classification and interpretation of observed effects and of the underlying (neuro)biological mechanisms ([@B41]).

"Responder" or "Non-responder" -- That Is the Question {#S1.SS2}
------------------------------------------------------

Since every human is unique, there is a considerable amount of within-individual (intra-individual) ([@B159]; [@B68]; [@B11]; [@B243]; [@B102]; [@B63]; [@B286]) and between-individual (interindividual) heterogeneity ([@B156]; [@B62]; [@B27]; [@B120]) in acute psychophysiological response(s) to the same acute physical exercises and/or long-term adaptions to the same physical training. Especially, the interindividual heterogeneity gained attention in the research of the recent years ([@B43]; [@B44]; [@B179]; [@B249]; [@B213]; [@B228]) and is commonly observed in studies dealing with endurance (cardiovascular) training ([@B62]; [@B27]), resistance (strength) training ([@B148]; [@B62]; [@B2]), or combined training (consisting of endurance and resistance training) ([@B156]). In order to account for this interindividual heterogeneity, the concept of (i) "responder" \[also referred as "individuals with high sensitivity" ([@B28])\] and (ii) "non-responder" \[also referred as "individuals with low-sensitivity" ([@B28]), limited responders ([@B47]), or "individuals which did not respond" ([@B213])\] was introduced, however, with varying definitions ([@B28]; [@B43]; [@B236]; [@B44]; [@B179]). While the definition and methods to classify responders and non-responders are currently discussed in the literature ([@B7]; [@B133], [@B134]; [@B26], [@B24]; [@B261]; [@B9]; [@B76]), it is relatively accepted that (i) not all outcome variables are affected equally by the responsiveness state (e.g., be a responder or non-responder) ([@B249]; [@B213], [@B215]; [@B274]), (ii) measurement errors are inevitable in repeated measurements and are caused, for instance, by random biological fluctuations that do not represent a meaningful change in the outcome variable ([@B8]; [@B236]; [@B7]; [@B301]; [@B214]), and (iii) some responses are likely to be transient, causing uncertainty regarding the time course of the responsiveness state ([@B213]). Hence, the following working definitions can be proposed (see [Table 1](#T1){ref-type="table"}). Regarding the response to acute physical exercises and/or physical training, (i) responders are individuals who exhibit, at a certain time point, changes in a variable of interest that are above (below) a distinct threshold, and (ii) non-responders are individuals who exhibit, at a certain time point, changes in a variable of interest that are below (above) a distinct threshold. There is ongoing vivid discussion on how to define these critical thresholds ([@B7]; [@B261]; [@B9]; [@B76]) and whether further subgroups should be established ([@B76]). For instance, "adverse responders" ([@B34]) or "negative responders" ([@B170]), have be defined as individuals who exhibit, at a certain time point, in response to acute physical exercise or physical training, unfavorable responses below (above) a distinct threshold. In addition, "above" and "below" need to be referenced relative to a specific outcome in the variable of interest. For instance, in a cognitive test, performance could be operationalized by "number of correct items" and "reaction time" (variables of interest). Regarding number of correct items, it is favorable to achieve a higher number of correct items (responder: above; non-responder: below). Regarding reaction time, on the other hand, it is favorable to react faster (responder: below; non-responder: above). Regardless of the ongoing discussion about how to classify the level of responsiveness, there is some evidence that the interindividual heterogeneity in response to acute physical exercise and/or physical training might contribute to the interindividual heterogeneity observed in neurocognitive outcomes. This evidence is outlined in the following section.

###### 

Overview about the definitions of terms relevant to interindividual heterogeneity and exercise--cognition research ^∗^ Please note that "above" and "below" are relative to the favorable outcome in the variable of interest.

  **Definition of terms relevant to interindividual heterogeneity and exercise--cognition research**   
  ---------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Physical activity                                                                                    "Physical activity" is any muscle-induced bodily movement that increases energy expenditure above ∼1.0/1.5 MET (metabolic equivalent of task; 1 MET = 1 kcal (4,184 kJ) × kg^--1^ × h^--1^) ([@B57]; [@B4]; [@B41]).
  Physical exercise                                                                                    "Physical exercises" are specific, planned, and structured forms of physical activities ([@B57]; [@B146]; [@B41]) and should be distinguished on temporal characteristics into (i) *acute physical exercise* (single bout) and *chronic physical exercises* (repeated bouts of acute exercises) ([@B237]; [@B41]).
  Physical training                                                                                    "Physical training" is chronic physical exercises when they are conducted regularly in a planned, structured, and purposive manner with the objective to increase (or maintain) individual capabilities in one or multiple fitness dimensions ([@B237]; [@B57]; [@B146]; [@B41]; [@B137]).
  External load                                                                                        "External load" along with influencing factors (e.g., climatic conditions, equipment, ground condition) is defined as the work completed by the individual independent of internal characteristics ([@B292]; [@B128]; [@B36]; [@B46]; [@B279]; [@B182]; [@B151]).
  Internal load                                                                                        "Internal load" is defined as individual and acute biomechanical, physiological, and/or psychological response(s) to the influencing factors (e.g., climatic conditions, equipment, ground condition) and the work performed (external load) ([@B292]; [@B128]; [@B36]; [@B46]; [@B279]; [@B182]; [@B151]).
  Dose                                                                                                 "Dose" is commonly defined as a product of exercise variables (e.g., exercise intensity, exercise duration, type of exercise), training variables (e.g., frequency of training sessions), and the application of training principles ([@B295]; [@B198]; [@B248]; [@B51]; [@B90]; [@B98]; [@B100]; [@B228]; [@B300]) and should be operationalized by using a specific marker(s) of internal load. The specific marker(s) should be involved in biological processes driving the desired changes (e.g., lactate → brain-derived neurotrophic factor (BDNF) → neurocognitive changes).
  Responder                                                                                            "Responders" are individuals who exhibit, at a certain time point, changes in a variable of interest that are above (below^∗^) a distinct threshold.
  Non-responder                                                                                        "Non-responders" (or "individuals which did not respond") are individuals who exhibit, at a certain time point, changes in a variable of interest that are below (above^∗^) a distinct threshold.

For instance, in a cognitive test performance, variables of interest could be operationalized by "number of correct items" and "reaction time." In "number of correct items," it is favorable to achieve a higher number of correct items. Hence, "responders" are individuals who exhibit at a certain time point changes in a variable of interest that are above a distinct threshold, and "non-responders" are individuals who exhibit, at a certain time point, changes in a variable of interest that are below a distinct threshold. In contrast, regarding reaction time, it is favorable to react faster. Hence, "responders" in this context are individuals who exhibit, at a certain time point, changes in a variable of interest that are below a distinct threshold, and "non-responders" are individuals who exhibit at a certain time point changes in a variable of interest that are above a distinct threshold.

Responsiveness State, Functional and Structural Brain Changes, and Cognition {#S1.SS3}
----------------------------------------------------------------------------

In the following, we will refer to acute endurance exercises and endurance training because (i) from a neuroevolutionary view, endurance capacities (e.g., running during foraging) are important to ensure physical and/or neurocognitive well-functioning ([@B180]; [@B221]), (ii) acute endurance exercises and/or endurance training are currently in the focus of exercise--cognition research ([@B141]; [@B255]), (iii) endurance training induces substantial structural brain changes ([@B96]; [@B251]), and (iv) endurance training entails greater benefits in cognitive performance than resistance training ([@B13]).

### Acute Physical Exercises {#S1.SS3.SSS1}

With regard to acute physical exercises, it was observed that individual baseline working memory function was linked with changes in working memory performance following acute very-light-to-moderate-intensity endurance exercises ([@B305]). Furthermore, responders, who showed improved cognitive performance after a single bout of very-light-to-moderate-intensity endurance exercise, exhibited a higher level of prefrontal activation during exercising ([@B306]). This finding suggests that not only peripheral systems are affected by the individual responsiveness state but also the central nervous system itself.

### Physical Training {#S1.SS3.SSS2}

Changes in cardiorespiratory fitness (CRF) measures in response to a 20 weeks endurance training program tended to vary tremendously among individuals ([@B32]). Exemplarily, [@B156] observed, after a 21 weeks long combined exercise intervention in older adults, changes in CRF levels \[assessed via maximal oxygen uptake (VO2 max.)\] ranging from -8 to 42%. Such interindividual differences in response to endurance training also affect the expression of neurotrophic factors \[e.g., brain-derived neurotrophic factor (BDNF)\] ([@B135]), which play an important role in neuroplasticity ([@B94], [@B96]; [@B38]) and cognition ([@B94]; [@B38]; [@B168]). For instance, after 6 weeks of high-intensity endurance training, responders who improved their CRF \[assessed via peak oxygen uptake (VO2 peak)\] to a greater extent than non-responders exhibited a significantly higher increase in serum BDNF ([@B135]). This finding suggests that the state of responsiveness influences important mechanisms involved in neuroplasticity and cognition. Notably, a higher level of CRF level \[mostly operationalized by VO2 max. (highest value attainable by a subject) or VO2 peak (highest, "system-limited" value attained during the CRF test) ([@B82])\] is associated with (i) better cognitive performance in younger adults ([@B260]; [@B299]; [@B106]), older adults ([@B96]; [@B45]; [@B280]; [@B5]; [@B107]; [@B132]; [@B21]; [@B58]; [@B206]), and older adults with mild cognitive impairments ([@B245]); (ii) favorable functional brain changes in younger adults ([@B254]) and older adults ([@B71]; [@B5]; [@B88]; [@B150]); and (iii) favorable structural brain changes in older adults ([@B69]; [@B95]; [@B262]; [@B45]) and individuals with Alzheimer's disease ([@B49]; [@B143]; [@B283]). Furthermore, in response to endurance training, increases in VO2 max. (iv) mediate the improvement in cognitive functions in younger adults ([@B251]) and (v) are associated with increases in hippocampal volumes in older adults ([@B96]).

In sum, based on these associations between measures of CRF, measures of brain function and structure, and cognitive performance measures (albeit these correlations are not strictly causal in nature), it seems plausible to hypothesize that the large interindividual heterogeneity in measures of CRF may also contribute, among other factors, to the interindividual heterogeneity in measures of neurocognition in response to endurance training. However, to clarify the validity of these assumptions, further research is required.

Master (of) the Fate? -- How Genetics and Lifestyle Contribute to Interindividual Heterogeneity {#S1.SS4}
-----------------------------------------------------------------------------------------------

The interindividual responsiveness to physical exercises and/or physical training and, in turn, the interindividual heterogeneity in outcomes are caused by several moderators, including both non-modifiable factors (e.g., sex or genotypes) and modifiable factors (e.g., nutrition, social or cognitive activities, exercise prescription) ([@B250]; [@B12]; [@B179]; [@B91]; [@B249]; [@B213]). Notably, these factors can also be classified as endogenous factors (factors attributable to the individual such as sex or genotypes) and exogenous factors (factors attributable to external inputs, e.g., generated by exercise prescription) ([@B249]). Currently, the roles of non-modifiable (endogenous) factors such as sex ([@B13], [@B14], [@B16]; [@B15]; [@B66]; [@B174]; [@B77]) and genotypes ([@B28]; [@B272]; [@B271]; [@B30], [@B31]; [@B179]; [@B33]; [@B153]; [@B209],[@B210],[@B211], [@B212]; [@B84]) are investigated most. Among these factors, it has been shown that a considerable amount (approximately up to half of the variance) of the interindividual heterogeneity in physical outcomes ([@B35]; [@B272]; [@B79]; [@B271]; [@B30]; [@B302]), cognitive outcomes ([@B181]; [@B118]; [@B23]; [@B92]; [@B109]; [@B53], [@B54]), and brain structure outcomes ([@B270]; [@B273]; [@B42]) are explained by genetics. However, considering current evidence, lifestyle factors may equalize a "genetic handicap" since people with a high CRF level but "unfavorable" genetic polymorphisms do not need to perform significantly poorer than individuals with low CRF level but "favorable" genetic equipment ([@B40]). These findings suggest that a genetic handicap can be counteracted by other factors ([@B105]) and that "overemphasizing" genetics for the individualization of exercise prescriptions is counter-productive ([@B56]; [@B163]; [@B144]; [@B155]; [@B204]; [@B154]). However, analysis of the genetics of participants is undoubtedly helpful in supporting individualization of acute physical exercise and/or physical training by aiding, for instance, the identification of potential responders and non-responders ([@B171]; [@B207]; [@B28]; [@B272]; [@B271]; [@B214], [@B215]). Remarkably, it has also been highlighted that no "global non-responders" exist ([@B229]; [@B27]; [@B192]; [@B211], [@B213]; [@B274]). Moreover, it is assumed that non-responsiveness can best be counteracted by modifying the dose of the physical exercise and/or physical training ([@B65]; [@B229]; [@B192]; [@B274]). The latter suggests that the dose of physical interventions *per se* contributes significantly to the observed interindividual heterogeneity in (neurocognitive) outcomes.

What Dose (It) Means? {#S1.SS5}
---------------------

The terminus dose is differently defined in the literature ([@B285]), but in exercise(-cognition) research, "dose" is commonly referred to as the product of exercise variables (e.g., exercise intensity, exercise duration, type of exercise; see [Table 2](#T2){ref-type="table"}) when considering an acute bout of physical exercises ([@B295]; [@B217]). In training studies, dose can be seen as the product of exercise variables (e.g., exercise intensity, exercise duration, type of exercise), training variables (e.g., frequency of training sessions), and the application of training principles ([@B295]; [@B198]; [@B248]; [@B51]; [@B90]; [@B98]; [@B100]; [@B228]; [@B300]). In reverse, dose could be modified in acute physical exercise studies by adjusting the exercise variables, while in physical training studies, exercise variables, training variables, and training principles must be taken into account (see [Table 2](#T2){ref-type="table"}). Such a purposeful modification is referred to as the adjustment of the exercise prescription.

###### 

Overview of general exercise variables, training variables, and training principles.

  **General exercise variables relevant in a single session**      
  ---------------------------------------------------------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Exercise intensity                                               The exercise intensity describes how strenuous the exercise is.
  Exercise duration                                                Time period that is spent for a specific exercise or the entire exercise session.
  Type of exercise                                                 Type(s) of exercise(s) that is (are) used in the exercise session (e.g., cycling, dancing).
  **General training variables relevant in a training program**    
  Frequency                                                        The number of training sessions across a distinct time interval.
  Density                                                          Distribution of training sessions across a distinct time interval with regard to recovery time in-between training sessions.
  Duration                                                         Duration over which a training program is carried out.
  **General training principles relevant in a training program**   
  Variation                                                        To prolong adaptations over a distinct training duration, systematic manipulation (variation) of exercise variables and training variables is necessary.
  Specificity                                                      To elicit a desired adaptation, the stimuli provided by the used physical exercises must be tailored to the desired adaptations (s).
  Overload                                                         To improve a distinct type of fitness, an appropriate stimulus must be provided that exceeds the already-existing individual capacities to a distinct extent.
  Progression                                                      To ensure continuous improvements, the stimulus must be appropriately modified over time (e.g., increase in external load).
  Reversibility                                                    Once the physical intervention induced stimulus is removed (e.g., stop the training), de-adaptational process will occur, and the changes in fitness level will eventually return to the baseline level.
  Periodization and programming                                    In this context, periodization and programming are crucial elements for an appropriate exercise prescription. Periodization is the temporal coordination of training periods with specific fitness characteristics (e.g., strength or endurance) and application of training principles, which is referred to as macromanagement. Programming describes the organization of exercise variables and training variables (micromanagement). Periodization includes various forms such as linear periodization (LP) or non-linear periodization (NLP). In LP, typically, a gradual increase in intensity is conducted, whereas in NLP, exercise prescription is changed on weekly or daily basis.
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In the context of exercise prescription, it is also imperative to clarify the terms "external load" and "internal load." While external load along with influencing factors (e.g., climatic conditions, equipment, ground condition) is defined as the work completed by the individual independent of internal characteristics ([@B292]; [@B128]; [@B36]; [@B46]; [@B279]; [@B182]; [@B151]), internal load is defined as individual and acute biomechanical, physiological, and/or psychological response(s) to the influencing factors and the work performed ([@B292]; [@B128]; [@B36]; [@B46]; [@B279]; [@B182]; [@B151]). According to the definition of internal load, which states that internal load is characterized by the individual and acute psychophysiological response(s) to the external load, it appears that internal load can be adjusted by modifying the external load. However, given that exercise variables such as exercise intensity can be operationalized using parameters of either external load (e.g., running with a speed of 10 km/h) or internal load (e.g., running with 60 of maximal heart rate), current definitions of dose are rather broad. Since dose is an essential factor for triggering neurobiological processes (e.g., release of neurotrophins such as BDNF; [@B86]), which in turn lead to neuroplastic and cognitive changes ([@B75]; [@B291], [@B289]; [@B175]; [@B309]; [@B17]; [@B255]), it is crucial to agree on an appropriate concept of dose. Although markers of internal load could be more difficult to measure (compared to markers of external load), we suggest that dose should be operationalized by using a specific marker or specific markers of internal load as a proxy. The two reasons for this assumption are outlined in the following.

### Why Internal Load Should Be Used as a Proxy for Dose {#S1.SS5.SSS1}

Given (i) that internal load equals, per definition, the individual and acute psychophysiological response(s) to a given external load ([@B292]; [@B128]; [@B36]; [@B46]; [@B279]; [@B182]; [@B151]) and (ii) that neurocognitive changes are triggered by such distinct psychophysiological responses ([@B75]; [@B309]; [@B17]; [@B255]), it seems reasonable to assume that internal load is a better proxy for dose than external load.

### Why a Specific Marker of Internal Load Is Needed as a Proxy for Dose {#S1.SS5.SSS2}

There are several markers of internal load that can be used to prescribe the exercise intensity in acute endurance exercises and/or endurance training \[e.g., oxygen uptake, heart rate, or heart rate variability (HRV)\]. For instance, HRV, i.e., the beat-to-beat variation over a distinct time period, under rest conditions or while exercising is an interesting marker of internal load because the internal load quantification by HRV indices is progressive and takes the individual fitness level as well as daily readiness and actual health state into account ([@B269]; [@B216]; [@B281], [@B282]; [@B127], [@B125], [@B123]). Furthermore, resting-state HRV is associated with cognitive performance ([@B130]; [@B108]; [@B117]; [@B307]; [@B72]).

However, currently, several hypotheses exist in literature that explain the positive effects of acute physical exercises and physical training on brain plasticity and cognition ([@B165]; [@B244]; [@B78]; [@B183]; [@B185], [@B186],[@B187],[@B188]; [@B184]; [@B288]; [@B221]; [@B217]; [@B255]; [@B10]). Among them, one of the most popular hypotheses is the "neurotrophic hypothesis," which posits that in response to physical exercises, the organism releases several neurochemicals (e.g., neurotrophic factors such as BDNF), which in turn trigger neuroplasticity and facilitate cognitive enhancement ([@B290]; [@B17]; [@B255]; [@B10]). Hence, it seems more promising to use a marker or markers of internal load that are related to changes in neurotrophic molecules in order to individualize and adjust exercise prescription ([@B205]). In this regard, the peripheral level of blood lactate could be a promising marker of internal load because peripheral blood lactate (e.g., from muscles) can cross the blood--brain barrier and provides energy to the brain ([@B160]; [@B220]; [@B278]; [@B85]; [@B219]; [@B263]; [@B225]; [@B39]; [@B246]). Hence, it is not surprising that relative changes in peripheral levels of blood lactate are correlated significantly with cognitive performance levels after high-intensity interval endurance exercises ([@B169]; [@B277]; [@B131]). The crucial role of blood lactate for neuroplasticity is further emphasized by findings of peripheral blood lactate levels being associated with the peripheral serum BDNF levels ([@B103]; [@B238]). However, the exact molecular mechanisms of increased BDNF production in response to physical exercising are not fully understood (for review, see [@B152]). BDNF in the brain is involved in neuroplasticity ([@B38]), and serum levels of BDNF have been shown to be directly linked to cognitive performance after an acute bout of high-intensity endurance exercises ([@B149]). Moreover, (i) serum BDNF mediates improvements in cognitive functions following a 1-year aerobic endurance training ([@B168]), (ii) greater serum BDNF concentration changes in response to a 1-year-long aerobic endurance training are linked to hippocampal volume changes ([@B96]), and (iii) reduced levels of serum BDNF are related to a decline in hippocampal volume and poorer memory performance ([@B94]). In sum, a specific marker or specific markers of internal load such as the peripheral blood lactate level seems to constitute a promising proxy for dose. However, the optimal marker(s) that is (are), with regard to neuroplasticity and cognition, the most suitable proxy for the dose of physical exercise and/or physical training has yet to be discovered.

Become Personal -- How to Individualize the Exercise Prescription? {#S1.SS6}
------------------------------------------------------------------

Based on the large interindividual heterogeneity (i) in psychophysiological responses to acute physical exercises and (ii) in long-term adaptions to a physical training, it is assumed that tailoring of these to the characteristics and needs of a particular person is well suited to maximize their efficiency ([@B43]; [@B44]; [@B195], [@B194]; [@B66]; [@B213]). Such an individualization of acute physical exercises and/or physical training could be achieved by adjusting the exercise prescription (e.g., exercise intensity) ([@B171]), which influences, in turn, the dose (objectified by a specific marker or specific markers of internal load; see previous section and [Figure 1A](#F1){ref-type="fig"}). In order to illustrate our thoughts in practical terms, we focus on exercise intensity because a full discussion of all exercise variables, training variables, and training principles is beyond the scope of this article. As outlined in the previous section, using markers of internal load to prescribe exercise intensity is preferable instead of using parameters of external load such as speed in running specific exercises. Therefore, traditional markers of internal load such as the fixed percentage of the maximally achievable value of oxygen uptake or heart rate are often used ([@B111]; [@B259]). Using a fixed percentage of a maximally achievable value of oxygen uptake or heart rate involves a considerable amount of interindividual heterogeneity in other markers of internal load (e.g., metabolic responses objectified by, for instance, peripheral blood lactate) ([@B298], [@B297]; [@B191]; [@B287]; [@B235]). Metabolic responses (e.g., peripheral blood lactate level) constitute specific markers of internal load that are likely to be proxies for the dose that triggers neuroplastic processes and cognitive changes (see "Why a specific marker of internal load is needed as a proxy for dose"). Hence, traditional exercise prescriptions lead to largely varying individual doses as revealed by the marker(s) of internal load. This may lead, among other factors, to the observed interindividual heterogeneity in neurocognitive outcomes (see [Figure 1B](#F1){ref-type="fig"}). Consequently, approaches that ensure that a comparable dose is provided to each individual (e.g., adapted exercise prescriptions that ensure a comparable level of peripheral blood lactate) may lower the interindividual heterogeneity regarding neurocognitive outcomes. Hence, such approaches are favorable in exercise--cognition research (see [Figure 1](#F1){ref-type="fig"}). In this context, individual threshold concepts (aerobic and anaerobic threshold) that are based on individual metabolic (or respiratory) responses could be used to determine an individual's initial exercise intensity ([@B191]; [@B142]; [@B235]; [@B296]). However, while there is a strong theoretical basis for the application of a threshold-based exercise prescription for endurance exercises and endurance training, the challenges and pitfalls of determining such individual thresholds may explain why many researchers continue to favor exercise intensity prescriptions based on relative percentages of maximum values ([@B142]; [@B178]). Although our assumptions are well grounded on possible neurobiological mechanisms, they are mostly theoretical in nature, and thus, further research comparing, for instance, traditional versus adapted exercise prescriptions with regard to neuroplasticity and cognition is urgently needed.

![**(A)** Schematic illustration of the possible influence of exercise prescription on dose, and individual responsiveness (responder and non-responder) with the assumed extent of improvements (high improvements in neurocognitive outcomes and low improvements in neurocognitive outcomes). The dotted red lines show that by using an appropriate exercise prescription, non-responders could be turned into responders. In part **(B)** of the figure, the difference between "traditional exercise prescription" and "adapted exercise prescription" regarding the load, the dose, the individual response(s), and the corresponding heterogeneity in outcomes is illustrated. "^∗^" with regard to subsequent neurobiological processes. In part **(C)** of the figure, the multiple levels on which physical activity (including physical exercise and physical training) could affect cognitive performance are shown ([@B252]). "\#" indicates that the brain could be seen as outcome, mediator, or predictor ([@B253]). "a" indicates that there are several possibilities in which way structural and functional brain changes, socioemotional changes and cognitive changes are intertwined ([@B252]).](fpsyg-10-02338-g001){#F1}

Progress Is Not Without Limitations {#S1.SS7}
-----------------------------------

Since the level and detail of description required to extensively describe and discuss the influence of all exercise variables, training variables, training principles, and factors influencing exercise--cognition interaction go far beyond the scope and intent of this article, our assumptions still remain imperfect because other exercise-related factors such as movement frequency (e.g., cycling cadence) ([@B176], [@B177]) or psychological factors such as affective response (e.g., enjoyment or expectations) ([@B80]; [@B81]; [@B48]; [@B172]) have not been considered. Nevertheless, given (i) that our knowledge of the dose--response relationship between acute physical exercises and/or physical training, neurobiological processes (e.g., neuroplasticity), and cognitive changes is still limited ([@B99], [@B98]; [@B141]; [@B60], [@B61]; [@B14]; [@B257]; [@B264]; [@B217]; [@B255]; [@B90]; [@B100]; [@B231]), (ii) that peripheral blood lactate levels constitute an established marker of internal load ([@B142]; [@B19]; [@B247]; [@B151]), and (iii) that peripheral blood lactate levels are easily quantifiable by portable devices, the use of peripheral blood lactate as a proxy for dose seems a reasonable starting point. Nevertheless, lactate monitoring suffers from the drawbacks that (i) it necessitates blood sampling, which could be impractical in daily practice, and (ii) it requires a graded exercise test to calculate an individual threshold to prescribe the exercise intensity. Regarding the first objection, new methods to non-invasively determine critical physiological thresholds (e.g., lactate threshold) by means of muscle near-infrared spectroscopy ([@B294]; [@B304]; [@B18]; [@B29]; [@B87]) may constitute a more appropriate approach in daily practice, but this has yet to be investigated. With regard to the second objection, it is worth mentioning that graded exercise tests are relatively complex and time consuming and that exercise intensity could be more easily determined by using specific formulas (e.g., Karvonen formula to determine a target heart rate) ([@B157]; [@B267]; [@B113]; [@B308]; [@B196]; [@B241]). However, a graded exercise test should be an integral part of the process of a proper exercise prescription because, currently, exercise intensity cannot be accurately predicted by specific formulas ([@B258]; [@B226]; [@B242]; [@B234]; [@B74]; [@B97]; [@B6]), and a fixed percentage of a maximally achievable value of heart rate leads to a considerable amount of interindividual heterogeneity in metabolic responses (e.g., blood lactate) ([@B191]), which is deemed to contribute, at least partly, to the interindividual heterogeneity in neurocognitive outcomes (see previous sections).

Still, even if peripheral blood lactate concentrations are associated with serum BDNF concentrations ([@B103]; [@B238]), further studies will be required to investigate the dose--response relationship between exercise prescription and (serum) BDNF levels ([@B162]; [@B67]; [@B147]). Since BDNF release is also influenced by several other non-modifiable (e.g., sex [@B276]; [@B164]; [@B50]) or non-exercise-related modifiable factors (e.g., sleep or nutrition; [@B114], [@B115]; [@B293]; [@B239]) that are known to influence neuroplasticity in general (e.g., sleep, [@B190]; [@B224]; or nutrition, [@B121]; [@B208]; [@B218]), these factors should be carefully monitored in further studies.

In addition, with regard to the optimal dose, it could be useful to gather markers of internal load that are directly related to the state of the central nervous system itself (e.g., brain activity during exercise) because differences in brain activity (e.g., measured by functional near-infrared spectroscopy) (i) allow distinguishing between responders and non-responders ([@B306]), (ii) are sensitive to changes of exercise variables (e.g., exercise intensity) ([@B227]; [@B116]; [@B268]; [@B232], [@B233]; [@B265]), (iii) are sensitive to demands posed by the cognitive task ([@B136]; [@B104]; [@B59]; [@B161]) or the motor task ([@B55]), (iv) and are associated with performance improvements in motor(--cognitive) tasks ([@B200], [@B199]; [@B139]; [@B240]). Hence, markers of internal load assessing activation of the central nervous system may serve to quantify "complexity" (defined as neurocognitive demands posed by the exercise), which is an important variable with regard to neurocognitive changes in response to acute physical exercises and physical training, too ([@B197]). However, while measuring brain activation during exercise offers great potential to understand exercise--cognition interaction in general and interindividual variability in particular, future research in this area is strongly needed before measures of brain activity can be used to guide exercise prescription.

Furthermore, we wish to stress that a traditional individualization of exercise prescription is perhaps necessary to answer basic research questions (e.g., *Are the peripheral blood lactate release and changes in neurocognition a function of exercise intensity?*) but that the individualization using an adapted exercise prescription may lead to further insights into exercise--cognition research (e.g., *How to adapt exercise intensity to achieve a comparable change in the release of peripheral blood lactate across individuals and how this affects neurocognition?*).

Conclusion and Further Remarks {#S2}
==============================

In essence, this article aimed at providing a suggestion for a clearer definition of the dose in exercise--cognition research and presenting evidence in how interindividual variability in the dose might contribute to the interindividual heterogeneity in neurocognitive outcomes. We propose that the dose of an acute bout of physical exercises and/or physical training should be operationalized by a specific marker (or specific markers) of internal load. Modifying the exercise prescription by carefully adjusting the external load, a comparable dose can be achieved across individuals (see [Figures 1A,B](#F1){ref-type="fig"}). Research is strongly encouraged to investigate in the future whether an exercise prescription inducing a comparable dose may lower the interindividual heterogeneity considering outcome variables on different levels of analysis ([@B252]) and on different aspects of the brain ([@B253]; see [Figure 1C](#F1){ref-type="fig"}). Finally, understanding how a comparable dose affects neurocognitive outcomes is an important step toward identifying what dose is optimal for achieving the greatest benefits with regard to neurocognitive outcomes in an individual.
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